Background
Fibrous materials have much to commend them in industrial applications, where they can offer, in varying degree, reinforcement, thermal and electrical insulation, flexibility, and strength. In the first part of this century the fibrous material that was available, cheaply and in bulk, that could provide these properties to industry was the asbestos group of silicate minerals (table 1). The fibrous, crystalline, asbestiform habit, however, also means that during mining and industrial use fibres are released into the air. Some of these are in the respirable size range and may be deposited in the bronchiolar-alveolar region. Subsequently we have come to realise that asbestos inhalation is associated with several different lung diseases-namely, asbestosis (interstitial fibrosis), carcinoma of the lung, mesothelioma, and small airways diseaseand the association is now well documented. This information on the harmful effects of asbestos has led to bans in some countries and considerable litigation and claims for damages throughout the developed world. Regulatory and legal pressures on asbestos have contributed to an increase in the use of alternative materials, both natural and manmade, including some fibrous materials. More importantly, advances in materials science have identified ar, ever widening range of applications in which the fibrous nature of a material offers positive advantages. Thus in addition to their traditional use in thermal insulation new fibre composites have found new uses, such as metal reinforcement, to which asbestos was never suited (table 2) .
The finding that in at least some biological assays some non-asbestos fibres could cause the same types of effect as asbestos has raised the question of whether all fibres have the same pathogenic potential as asbestos. A major approach in present research on fibres is therefore to compare any fibre under study with asbestos and to gauge the potential for This review aims to address only the scientific ideas that dominate research into the mechanisms underlying the development of diseases caused by respirable industrial fibres. The constraints of space and the breadth of the published research prevent this review from being comprehensive. Further details can be obtained from recent reviews on mechanisms of fibre pathology' and on nonasbestos fibres and their health effects in general.24
Role of fibre size, shape, and chemistry DEPOSITION A fibre, as defined by the World Health Organisation for measurement of the exposure of workers to airborne fibres in factories and mines, is a structure longer than 5 ,um, less than 3 gm in diameter, and with an aspect ratio (length:diameter) greater than 3:1. The deposition of a particle in the lung is a function of the "aerodynamic diameter" (particle size expressed in terms of settling speed). For fibres this is governed predominantly by the actual diameter, density and length being of subsidiary importance. Only fibres with a physical diameter of 3 ,um or less may be deposited in the alveolar region, the efficiency of deposition increasing with decreasing diameter to a physical diameter of about 1 um; beyond this the efficiency of deposition may begin to decrease again. Subsequently thin fibres will be deposited in the alveolar region of the lung even if they are Figure 1 Scanning electron microscope image of the distal airspace of a rat that had been inhaling a cloud of 1000 fibreslml of amosite asbestos for seven hours. An alveolar duct is shown with a portion of terminal bronchiolar epithelium present (T) and openings into alveoli (A). Asbestos fibres can be seen on the alveolar duct surface, both free and partially phagocytosed inside alveolar macrophages (M). (Scale bar = 40,um.) vided that there were fibres of the appropriate sizes. The optimum size range for the production of mesotheliomas in this system was over 8 pm long and below 0-25 pm in diameter. 8 In the early 1980s the Institute of Occupational Medicine in Edinburgh obtained two samples of amosite asbestos, one containing a substantial proportion of long fibres and the other composed exclusively of short fibres. The short fibres were separated from the long by milling and sedimentation. The two samples were very similar in all other respects, such as diameter, elemental composition, and crystallographic features. Milling reduced a substantial proportion (63%) of the particles in the short fibre sample to an aspect ratio of less than 3:1-that is, they could not be defined as fibres. The remaining 37% were fibres by this criterion with an average length of 2 7,pm. These two samples have now been extensively studied by inhalation and instillation and some of the results are summarised in table 3. We believe this to be some of the most compelling evidence showing the importance of fibre size in determining the biological activity of respirable fibres.
One important factor that contributes to the pathogenic potential of long fibres is the evidence from several studies that long fibres are cleared from the deep regions of the lung less effectively than are short fibres." 12 This may be a consequence of failure of macrophages to ingest long fibres completely or of difficulty in moving once they have phagocytosed a long fibre. Long fibres may even interact with several macrophages, which may not then be able to act in concert. Such a reaction might mark the onset of a granulomatous response. With regard to the latter possibility, macrophages from the lungs of rats exposed to asbestos by inhalation have been found to have decreased ability to migrate towards a chemotaxin."3 Thus long fibres could be more harmful to the lung because they are retained, whereas the short fibres are cleared more effectively. But although this presumably contributes to the toxicity of long fibres the evidence from studies using some in vitro assay systems that do not rely on clearance (see, for example, Brown et al 14 and Donaldson et al 15) confirms that longer fibres have intrinsically more biological activity. The postulated role of free radicals in the toxicity of fibres2'22 has focused interest in the role of iron at the fibre surface. Because of the ability of iron to enhance and catalyse the reactions of free radicals it has been suggested that fibres may act as a source of iron in tissue, leading to injury by free radicals. The evidence that iron is important has come from studies where iron chelators have ameliorated the toxicity of fibres to cells in vitro. 2' 2324 Recently iron from crocidolite asbestos has been shown to be important in the causation of breaks in DNA strands25 and in the formation of 8-hydroxydeoxyguanosine (RC Brown, unpublished findings). Although iron may indeed be important in the toxic effects of types of fibre with a substantial content of iron, other fibres, such as chrysotile asbestos and some fibrous glasses, have little or no iron. In other cases it is the iron, mobilised from the fibre, that causes a short term effect; the relevance of this to the long term effect of fibres in vivo is not clear as such fibres become coated with biological material, which itself may contain iron. Indeed, many fibres form ferruginous (asbestos) bodies, at least in man, so that iron is deposited on the fibre rather than leached from it. Iron derived from fibres is therefore unlikely to be an important unifying factor in fibre toxicity, but the relative importance of the surface and the dimensions of fibres has yet to be determined fully.
One area where fibre chemistry is likely to be an important factor in determining biological activity relates to the ability of fibres to persist in the lung once deposited there. Fibres that dissolve or break down in the lung are less likely to be dangerous because they may become shorter; short fibres are less active than longer fibres and are more efficiently cleared. In addition, epidemiological studies in workers exposed to the relatively soluble chrysotile asbestos suggest that this particular fibre is much less harmful in man than are other forms of asbestos.
Experiments with chrysotile fibres that have been treated to mimic the dissolution effects of residence in the lungs have shown that they do indeed have decreased biological activity26 and are removed faster by the clearance systems of the lung." As most glassy fibres are likely to be more soluble in the lung than even chrysotile asbestos possibly these will represent less hazard.
A substantial body of research at present is concerned with the persistence of various fibre types within the lung. In animal experiments even "soluble" fibres may persist in the lungs of rodents for a substantial portion of the animal's lifespan and thus are able to cause disease, whereas the same fibres persisting for the same time may not have the same effect in humans with their longer lifespan. This fig 1) . A single longfibre, or two shorter fibres, can be seen protrudingfrom the alveolar macrophage, which appears to be activated. (Scale bar = 7.5 ym.) Particular attention has been given to proteases, cytokines, and oxidants because these have an obvious potential for mediating inflammation and pathological change. Table  4 shows the various secretory products of macrophages that have been found to be increased by exposure to fibres in vitro or in vivo.
Stimulation of macrophages by fibres to secrete their products, along with the epithelial events outlined above, culminates in inflammation, characterised by recruitment of more macrophages and neutrophils.41 A hypothesis can be proposed about the events that occur as a consequence of this localised accumulation of inflammatory cells at the terminal bronchiolar and proximal alveolar region. Oxidants cause local injury and so contribute to loss of epithelial integrity, allowing passage of cells and proteins from the interstitium to the alveolar space; fibres and macrophages and their products may also gain access to the interstitium. Macrophage molecules that stimulate the mesenchymal cells (platelet derived growth factor, tumour necrosis factor, etc) can then signal an increase in production of fibroblasts and their matrix products, leading to fibrosis of the small airway walls and the alveolar walls. Oxidants and growth factors may contribute to "promoting" effects, such as proliferation, and so contribute to neoplastic change.
THE PLEURA AND MESOTHELIAL CELLS
Because of the association between asbestos exposure and mesothelioma, the effects of fibres on pleural mesothelial cells have been the subject of many investigations. Mesothelial cells in culture have been reported to be particularly susceptible to the toxic effects of fibres, far more so than epithelial cells or fibroblasts. 42 Mesothelial cells phagocytose fibres, leading to chromosomal abnormalities43 and an increase in unscheduled DNA synthesis as evidence of DNA repair following damage."
With regard to pleural fibrosis, the macrophage events described above in relation to alveolar fibrosis could occur in the most peripheral alveolar units. This would be in close proximity to, and may even be continuous with, the subpleural connective tissue and could lead to localised pleural fibrosis.
Although no clear role for the interactions between mesothelial cells and the leucocyte population of the pleural cavity has emerged, changes in the activity of the pleural The asbestos experience has been the driving force for most research into the newer fibres and this has engendered a cautious approach to any respirable fibre. Currently, the idea that any long, thin, durable fibre has the potential to be pathogenic dominates the study of fibre pathology (fig 3) but there is no general consensus on secure definitions of long, thin, or durable; the question of the role of chemical composition, particularly as it affects durability, continues to be vexing. The next 20 years of research into the physicochemistry of fibres and their interactions with cells should reveal whether "guilt by association" with asbestos is justice for respirable industrial fibres. A ban on fibres would be impractical with the present state of knowledge, as non-fibrous substitutes do not exist for all known applications. In addition, the energy efficiency of domestic and other buildings and industrial processes would be substantially reduced, with consequent increases in air pollution. A thorough understanding of the characteristics of fibres that control their toxicity may allow industry to design safer fibres, to the benefit of themselves, the workforce, and society.
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